1. Introduction {#sec1-molecules-21-01071}
===============

Oxidative stress is closely related to the pathogenesis of many diseases, including neurodegenerative disease \[[@B1-molecules-21-01071]\]. Oxidative stress and cellular damage are found in a variety of sex- or age-related neurodegenerative diseases. These findings suggest that the administration of antioxidants and antioxidant inducers may be an effective clinical strategy for disease prevention and treatment \[[@B2-molecules-21-01071]\].

All organisms have an antioxidant defense system to remove reactive oxygen species (ROS) and prevent the accumulation of ROS within a range of physiological conditions. However, the cell cannot remove excess ROS being accumulated beyond a certain threshold, which results in oxidative stress and induces many related-age diseases \[[@B3-molecules-21-01071]\]. The study of oxidative stress reactions in nerve cells is largely focused on neurodegenerative diseases. Compared with the other organs, the brain is more susceptible to oxidative stress injury because the level of consumed oxygen is higher in the brain while the anti-oxidation ability is lower. Maintenance of the redox balance is crucial to normal brain functions. Oxidative stress likely plays a role in the pathogenesis of neurodegenerative diseases including Alzheimer's disease (AD) \[[@B4-molecules-21-01071]\], Parkinson's disease (PD) \[[@B5-molecules-21-01071]\], and Huntington's disease (HD). Oxidation markers, such as lipid, protein, and nucleic acid oxidation products, are found in patients with these diseases \[[@B6-molecules-21-01071]\]. Therefore, antioxidant supplements may prevent or at least delay the advancement of neurodegenerative diseases and reduce ROS-induced neuronal damage.

Cell apoptosis involves the characteristic cell shrinkage, nuclear pyknosis, DNA fragmentation and membrane vacuoles of autonomous, which activates a cysteine protease cascade of the caspase family and results in cell death \[[@B7-molecules-21-01071]\]. ROS induces oxidative damage to DNA, which leads to apoptosis through an endogenous apoptotic pathway in mitochondria \[[@B8-molecules-21-01071]\]. CytC, dATP and apoptotic protease-activating factor-1 (Apaf-1) compose the apoptosome \[[@B9-molecules-21-01071]\], which activates caspase-9 and initiates the caspase cascade. Caspase-9 activates caspase-3, which is a key executor of apoptosis \[[@B10-molecules-21-01071]\] to produce apoptosis-related morphological and biochemical change \[[@B11-molecules-21-01071]\] The balance between the apoptotic-promoting Bax family proteins (e.g., Bad, Bax, and Bak) and the anti-apoptotic Bcl-2 family proteins (Bcl-XL and the Bcl-2) is a key factor. The ratio of Bcl-2/Bax is a "switch" that adjusts the mitochondrial permeability transition pore to activate or inhibit the cell death pathways of mitochondria \[[@B12-molecules-21-01071]\].

The effect of bioactive small molecules extracted from plants on cell survival, apoptosis and the oxidative stress pathway has been widely studied in recent years. Methyl 3,4-dihydroxybenzoate (MDHB) is a small molecule compound that is extracted from East Asian Tang Materia, Malan and other natural plants \[[@B13-molecules-21-01071]\]. Previous studies by our laboratory have demonstrated that MDHB has neurotrophic effects \[[@B14-molecules-21-01071]\], anti-apoptotic effects induced by Aβ~25--35~ \[[@B15-molecules-21-01071]\] and H~2~O~2~ \[[@B16-molecules-21-01071]\] as well as the lifespan extension effects on *C. elegans* \[[@B17-molecules-21-01071]\]. The present study used *t*-butyl hydroperoxide (TBHP) to induce cellular oxidative stress in cultured SH-SY5Y cells in vitro and examined the protective effect of MDHB on oxidative damaged in nerve cells and its associated mechanism. The results provide experimental evidence for oxidative stress-related neurodegenerative disease treatments for use in aging research.

2. Results {#sec2-molecules-21-01071}
==========

2.1. The Effect of MDHB on SH-SY5Y Cell Viability {#sec2dot1-molecules-21-01071}
-------------------------------------------------

Cell viability was measured by MTT assay. First, The safety margin of MDHB, SH-SY5Y cells were cultured with MDHB at 2\~128 μM and 0.1% DMOS for 24 h. The result showed that 0.1% DMSO and the concentration of 2\~128 μM MDHB had no effect on the cell vitality ([Figure 1](#molecules-21-01071-f001){ref-type="fig"}A). SH-SY5Y cells were pretreated with 2, 4, or 8 μM of MDHB and 100 μM NAC for 4 h, followed by treatment with 40 μM TBHP for 24 h.

Cell viability was evaluated by MTT assay which showed that the cell viability of the TBHP model group was significantly lower than that of the control group (*p* \< 0.01). The TBHP model group was compared with 2, 4, 8 µM MDHB and 100 μM NAC. Preprocessing group cell activity was significantly increased (*p* \< 0.01) ([Figure 1](#molecules-21-01071-f001){ref-type="fig"}B). By detecting LDH release of cell-culture medium we can further analyze the cell activity effect of MDHB on the SH-SY5Y. The LDH assay detection result shows that LDH release of the TBHP model group was significantly increased compared with the control group (*p \<* 0.01), the TBHP model group was compared with 2, 4, 8 µM MDHB and 100 μM NAC Preprocessing group LDH release was significantly increased (*p* \< 0.01) ([Figure 1](#molecules-21-01071-f001){ref-type="fig"}C).

2.2. Effect of MDHB against TBHP-Induced Apoptosis in SH-SY5Y Cells {#sec2dot2-molecules-21-01071}
-------------------------------------------------------------------

We used Annexin V/PI double-staining to detect the cell apoptosis rate using flow cytometry. The result shows that the cell apoptosis rate of the control group was 1.80% ± 0.59% and the cell apoptosis rate of the TBHP model group was obviously increased to 38.43% ± 3.09% (*p* \< 0.01).

The TBHP model group was compared with 4, 8 µM MDHB and 100 μM NAC Preprocessing group the cell apoptosis rate was significantly decreased, only respectively for 16.23% ± 3.13%, and 7.47% ± 2.43%, and 18.33% ± 4.99% (*p* \< 0.01) ([Figure 2](#molecules-21-01071-f002){ref-type="fig"}).

2.3. Effect of MDHB on DPPH Free Radical {#sec2dot3-molecules-21-01071}
----------------------------------------

DPPH is a stable radical with a single electron that exhibits strong absorption at 517 nm. The absorption gradually disappears when the radical scavenger is paired with its single-electron, and the alcoholic solution of DPPH radical becomes purple. Absorbance changes are directly proportional to the number of receiving electrons. The reagent indicates the scavenging ability of the DPPH radical.

This experiment used different MDHB concentrations and the positive control drug NAC to investigate the radical scavenger rate of DPPH. MDHB exhibited strong scavenging ability for the DPPH radical (IC~50~ = 1.67 μg/mL), and the scavenging ability was stronger than NAC (IC~50~ = 11.08 μg/mL) ([Figure 3](#molecules-21-01071-f003){ref-type="fig"}).

2.4. Effect of MDHB on Intracellular ROS, SOD and GSH-Px Activity in SH-SY5Y Cells {#sec2dot4-molecules-21-01071}
----------------------------------------------------------------------------------

The level of ROS was analysed by flow cytometry by incubating SH-SY5Y cells with the fluorescent dye CM-H2DCFDA, The TBHP significantly increased intracellular ROS in SH-SY5Y cells relative to the control cells (*p* \< 0.01), and that could be suppressed by MDHB (2, 4, 8 μM) ([Figure 4](#molecules-21-01071-f004){ref-type="fig"}).

SOD is an important antioxidant enzyme that scavenges radical and protects cells from damage. GSH-Px is specifically catalyzed by reductive glutathione GSH to the reduction reaction of H~2~O~2~ to catalyze H~2~O~2~ decomposition and protect cells. This experiment used the SOD and GSH-Px kits to detect intracellular SOD and GSH-Px vitality, which reflected anti-oxidative stress ability. The results are shown in ([Figure 5](#molecules-21-01071-f005){ref-type="fig"}A,B).

2.5. Effect of MDHB on 8-OHdG Levels in the Cultured Media of SH-SY5Y Cells {#sec2dot5-molecules-21-01071}
---------------------------------------------------------------------------

8-OHdG is a specific product of DNA oxidative damage, and it can be used as a marker to evaluate DNA oxidative damage. We adopted the ELISA test to determine 8-OHdG content in cell culture supernatants to reflect the degree of DNA oxidative damage in cells. The results show that MDHB reduced the content of 8-OHdG in cell culture supernatants, which supports that MDHB reduced oxidative stress-induced DNA damage in SH-SY5Y cells ([Figure 5](#molecules-21-01071-f005){ref-type="fig"}C).

2.6. Effect of MDHB on Protein Expression of the Related Protein {#sec2dot6-molecules-21-01071}
----------------------------------------------------------------

To further explore the molecular mechanisms of neuroprotective effect of MDHB on THBP-induced oxidative damage, we examined the expression of Bcl2, Bax, caspase-3, p-Akt and Akt in SH-SY5Y cells by western blot. The results showed that treatment of cells with TBHP alone caused a significant decrease in Bcl-2/Bax level as compared with control group. However, pretreatment of cells with MDHB (2, 4, 8 μM) could up-regulate Bcl-2/Bax level ([Figure 6](#molecules-21-01071-f006){ref-type="fig"}A). In addition, TBHP could also increase the level of cleaved caspase-3, while MDHB at concentrations of 2, 4, 8 μM could reverse the trend ([Figure 6](#molecules-21-01071-f006){ref-type="fig"}B), which means that MDHB could significantly prevented the activation of caspase-3 induced by TBHP. MDHB could increase activation of Akt kinases as determined by the phosphorylation of Akt ([Figure 6](#molecules-21-01071-f006){ref-type="fig"}C). These results suggested that the neuroprotective effect of MDHB on TBHP-induced neurotoxicity may be, or at least in part, mediated by regulating the expression of apoptosis-related proteins Bcl-2, Bax, caspase-3 and activation of Akt kinases.

3. Discussion {#sec3-molecules-21-01071}
=============

Oxidative stress is the result of an imbalance between ROS production and the antioxidant defense. ROS oxidizes the vital components of cells, such as lipids, proteins and nucleic acids, which may induce cell damage and apoptosis or necrosis \[[@B18-molecules-21-01071]\]. Oxidative stress is the primary cause of neurodegenerative diseases \[[@B19-molecules-21-01071],[@B20-molecules-21-01071]\]. TBHP is an ROS inducer that can stimulate the excessive production of ROS, produce malondialdehyde, reduce GSH, and induce cell apoptosis \[[@B21-molecules-21-01071],[@B22-molecules-21-01071],[@B23-molecules-21-01071]\]. SH SY5Y cells treated with 40 μM TBHP for 24 h was established as a model of oxidative stress damage in this experiment.

MDHB is a highly fat-soluble small molecule compound that exists in a variety of natural plants, previously study has confirmed that MDHB exerts a neurotrophic effect on primary neurons \[[@B14-molecules-21-01071]\]. The safety range of MDHB in SH-SY5Y cells was explored by MTT and used to establish the effective concentration of MDHB in the TBHP-induced oxidative damage model. NAC is a common antioxidant that can directly react with ROS, promote the synthesis of GSH \[[@B24-molecules-21-01071],[@B25-molecules-21-01071]\] and inhibit the apoptosis of nerve cells \[[@B26-molecules-21-01071]\], in this experiment 100 μM NAC was used as a positive control. The MTT results demonstrated that 2, 4, and 8 μM MDHB and 100 μM NAC pretreatment obviously increased the activity of oxidative damage in SH-SY5Y cells. The release of LDH reflects the loss of cell membrane integrity. Therefore, extracellular LDH activity may be a simple and reliable index of cell death \[[@B27-molecules-21-01071]\]. The LDH results were confirmed because 2, 4, and 8 μM MDHB improved the activity of oxidative damage in SH-SY5Y cells.

ROS is a critical factor in the brain aging process, and it interferes with mitochondrial respiration. ROS increases with age, and brain function is altered. The mitochondrial electron transport chain complex I and complex III leak out electrons combined with O~2~ to generate ROS, which is the source of ROS in the brain. Complex I releases superoxide (O~2~^−^) to the substrate, and complex III releases superoxide (O~2~^−^) to the mitochondrial membrane. Mitochondrial dysfunction induces abundant release of ROS, and weakens the activity of antioxidant enzyme (for example, in the elderly). An excess of free radicals and imbalance in calcium homeostasis was observed in AD patients \[[@B28-molecules-21-01071]\]. We adopted the DCFH-DA method to detect the concentration of intracellular reactive oxygen, and the results demonstrated that 2, 4, and 8 μM MDHB significantly reduced intracellular ROS.

α,α-Diphenyl-β-picrylhydrazyl (DPPH) is a stable radical with a nitrogen center that has been widely used to evaluate the performance of antioxidant-scavenging free radicals \[[@B29-molecules-21-01071]\]. The DPPH free radical alcohol solution is purple, and its absorption gradually disappears when a free radical scavenger is paired with its single electron. The extent of the reaction mixture's color change reflects the concentration and titer of antioxidants. A lower absorbance demonstrates a higher activity of DPPH radical scavenging \[[@B30-molecules-21-01071]\]. We adopted a chemical simulation to test the impact of MDHB on DPPH's radical-scavenging ability, and the results demonstrated that MDHB was a strong scavenger of DPPH radicals (IC~50~ = 1.67 μg/mL).

ROS-induced DNA peroxidation generates gene mutations that affect the stability of microtubules and combine with transcription factors to block gene transcription. The primary products of DNA oxidative damage include 8-hydroxyadenine, 8-OH-Ade, 8-hydroxyguanine, 8-OH-Gua and its deoxyuridine equivalent 8-hydroxydeoxyguanosine (8-OHdG) and thymine glycol \[[@B31-molecules-21-01071]\]. 8-OHdG is the specific product of DNA oxidative damage that may be used as a marker of DNA oxidative damage. We used ELISA to determine the content of 8-OHdG in cell culture supernatants, which reflected the degree of DNA oxidative damage in cells. The results demonstrated that MDHB reduced the content of 8-OHdG in cell culture supernatants, which suggests that MDHB reduced oxidative stress-induced DNA damage in SH-SY5Y cells.

A system of enzymes and non-enzymes maintain the balance of active oxygen in the body to limit the accumulation of ROS. Enzymes of the antioxidant system include SOD, GSH-Px, thioredoxin reductase (TR) and catalase (CAT) \[[@B32-molecules-21-01071]\]. SOD is an important antioxidase in the body that converts O~2~^•−^ into O~2~ and H~2~O~2~. GSH-Px specifically catalyzes the reduction reaction of reduced glutathione GSH to H~2~O~2~ to catalyze the decomposition of H~2~O~2~ and protect cells. We examined intracellular SOD and the ability of GSH-Px to reflect anti-oxidative stress in each group in this study. The results demonstrate that MDHB improved anti-oxidase SOD and GSH-Px in vivo, which indicates that MDHB improved the defense of the cells to oxidative stress. Oxidative stress damage induces cell apoptosis. This experiment used Annexin V/PI staining and flow cytometry to detect the apoptosis rate of SH-SY5Y cells. The results demonstrated that TBHP induced cell apoptosis, and MDHB suppressed the apoptosis of TBHP-induced apoptosis. Because these pathways of oxidative stress, cell apoptosis and antioxidant defense intersect, oxidative damage resulting in cell apoptosis and survival depends on the degree of cell damage and the cells' reaction \[[@B33-molecules-21-01071]\].

The biochemical changes in the early stages of apoptosis induce mitochondrial dysfunction, including the opening of cell membrane channels, the release of cytochrome C, the protein expression changes of the Bcl-2 family and the activation of caspases \[[@B34-molecules-21-01071],[@B35-molecules-21-01071]\]. The Bcl-2 family proteins are key components of the cascade reaction of mediated ectophragm permeability apoptosis \[[@B36-molecules-21-01071]\]. The balance between the promotion of apoptotic Bax family proteins (Bad, Bax, and Bak) and anti-apoptotic Bcl-2 family proteins (Bcl-XL and the Bcl-2) is a key factor in cell apoptosis. The ratio of Bcl-2/Bax acts as a "switch" by adjusting the mitochondrial permeability transition pore to activate or inhibit the mitochondrial apoptosis \[[@B12-molecules-21-01071]\], Literature reports indicate that activating the Bcl-2 family proteins (such as the Bcl-2, Bak1 and Bax) and caspase-9 encoding gene induces cell apoptosis. Caspase-9 activates caspase-3, which is a key component of the exogenous cell death receptor pathway and endogenous mitochondrial apoptosis pathway \[[@B10-molecules-21-01071]\]. Activated caspase-3 catalyzes proteins in cells, such as the degradation of PARP. PARP is an important ribozyme in DNA repair, cell proliferation, apoptosis and transcription, and it is abundant in cells \[[@B37-molecules-21-01071]\]. However, activated caspase-3 can shear 116-kDa PARP into 89 kDa segments of apoptosis, which induces the lack of DNA repair and DNA damage and apoptosis \[[@B38-molecules-21-01071]\]. In this experiment we found that 40 μM TBHP significantly reduced the ratio of Bcl-2/Bax in SH-SY5Y cells at 24 h and activated the expression of caspase-3. However, the ratio of Bcl-2/Bax notably increased after the addition of MDHB, and the activation of caspase-3 was obviously inhibited. The results demonstrated that MDHB could protect SH-SY5Y cells from TBHP-induced oxidative damage possibly by inhibiting ROS accumulation, reducing DNA oxidative damage, activating PI3K/Akt pathway and modulating the expression of apoptosis-related proteins. Akt is a serine/threonine kinase. It can be activated by phosphorylation and subsequently activates multiple downstream targets to enhance cell survival. Akt could promote cell survival by its abilities to phosphorylate Bad at Ser136; Akt also directly inhibits activation of caspase-9 by phosphorylating pro-caspase-9 at Ser-196 and by this inhibits proteolytic processing of pro-Caspase-9, Caspase-9 activates caspase-3, which is a key component of the exogenous cell death receptor pathway and endogenous mitochondrial apoptosis pathway, so phosphorylated Akt can have a neuroprotective effect against TBHP-induced oxidative damage in SH-SY5Y cells).

4. Materials and Methods {#sec4-molecules-21-01071}
========================

4.1. Materials {#sec4dot1-molecules-21-01071}
--------------

SH-SY5Y cells were purchased from the Institute of Basic Medical Sciences of Chinese Academy of Medical Sciences (Guangzhou, Guangdong, China). High-glucose Dulbecco's modified Eagle's medium (DMEM), fetal calf serum (FBS) and trypsin-EDTA solution were purchased from Gibco (Grand Island, NY, USA). Cell culture plates were purchased from Jet Biofil (Guangzhou, Guangdong, China). MDHB (No. L09552) was obtained from the Alfa Aesar Co. (Ward Hill, MA, USA). MTT, DMSO and DPPH-free radicals were purchased from Sigma (St. Louis, MO, USA). TBHP (No. B106035) was purchased from Aladdin (Shanghai, China). Malonyldialdehyde (MDA), LDH, GSH-Px and superoxide dismutase (SOD) assay kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). The Apoptosis Detection Kit, Reactive Oxygen Species Assay Kit and BCA Protein Assay Kit were obtained from the BiYunTian Biotech Company (Shanghai, China). The human 8-OHdG ELISA kit was obtained from Cusabio (Barksdale, DE, USA). Antibodies against Akt, phospho-Akt and Bcl-2, Bax, caspase-9, and caspase-3 were purchased from Cell Signaling Technology (Boston, MA, USA).

4.2. Culture of SH-SY5Y Cells {#sec4dot2-molecules-21-01071}
-----------------------------

SH-SY5Y cells were maintained in DMEM containing 10% FBS in a humidified atmosphere of 95% air and 5% CO~2~ at 37 °C. SH-SY5Y cells were passaged using 0.25% trypsinization, seeded into 96-well plates (4.0 × 10^3^ cells/cm^2^) and cultured for 24 h. Cells were pretreated with different concentrations of MDHB (2, 4, 8, 16, and 32 mM) dissolved in DMSO (Sigma) and cultured for 24 h in different concentrations of TBHP (10, 20, 40, 60, and 80 mM). Cells in this experiment were divided into six groups: the control group, vehicle + 40 μM THBP group, 2 μM MDHB + TBHP group, 4 μM MDHB + TBHP group, 8 μM MDHB + TBHP group, and 100 μM NAC + TBHP group.

4.3. MTT Assay {#sec4dot3-molecules-21-01071}
--------------

Cell viability was evaluated using the MTT assay. SH-SY5Y cells were cultured in a 96-well culture plate at a density of 4.0 × 10^3^ cells/cm^2^ for 24 h, and the supernatant was discarded. Each group was pretreated with different reagents for 4 h. Reagents and 40 μM TBHP were added, 24 h later the media were removed. DMEM (100 μL) with 10% MTT was added to each well, and kept at 37 °C, 4 h later the media was discarded. DMSO was added and kept away from light on a shaker for 10 min. Absorption was measured at 570 nm using a Bio-Rad 400 microplate reader (Bio-Rad, Hercules, CA, USA). Experiments were repeated at least 3 times and compared with control experiments. Results were compared using one-way analysis of variance followed by Dunnett's t-test.

4.4. LDH Assay {#sec4dot4-molecules-21-01071}
--------------

SH-SY5Y cells were cultured in a 96-well culture plate at a density of 4.0 × 10^3^ cells/cm^2^ for 24 h, and the supernatants were discarded. Each group consisted of a set of six wells. Reagents and 40 μM TBHP were added after 4 h, and the media were removed after 24 h. The media were centrifuged at 1000 r/min for 1 min, and the supernatants were collected to be used in LDH assay, which was performed according to the manufacturer's instructions.

4.5. Detection of Cell Apoptosis by Flow Cytometry {#sec4dot5-molecules-21-01071}
--------------------------------------------------

Cell apoptosis was detected using the Annexin V-FITC/PI apoptosis detection kit. SH-SY5Y cells were seeded into 6-well culture plates (4.0 × 10^3^ cells/cm^2^) and cultured for 24 h. The medium was removed after these groups were treated, and the cells were rinsed once with 0.1 M PBS. Cells were passaged using 0.25% trypsinization for 2 min and collected in centrifuge tubes. Cells were centrifuged at 1500 r/min for 5 min, and supernatants were discarded. Binding Buffer (200 μL) was added to each tube and blended. Annexin V-FITC (5 μL) was added for 10 min at room temperature in the dark, and tubes were centrifuged at 1000 r/min for 5 min. Supernatants were discarded, and 200 μL Binding Buffer was added to resuspend the cells. PI (5 μL) was added blended for testing.

4.6. Chemical Simulation System to Detect the Scavenging Ability of MDHB on DPPH Free Radicals {#sec4dot6-molecules-21-01071}
----------------------------------------------------------------------------------------------

0.2 mM DPPH, 1.0 mg/mL MDHB and 1.0 mg/mL NAC stock solutions were prepared with anhydrous ethanol. Different testing concentrations (0.25, 0.5, 1, 2, 5, 10, 25, 50, and 125 μg/mL) were diluted in anhydrous ethanol, A sample solution (1 mL) was mixed well with 1 mL DPPH solution at room temperature for 30 min, and the absorption was measured at 517 nm using a Bio-Rad 400 microplate reader (Bio-Rad, Hercules, CA, USA). The absorptions of 1 mL anhydrous ethanol 1 mL DPPH solution and a 1 mL anhydrous ethanol and 1 mL sample solution were compared.

4.7. Detection of Cell Reactive Oxygen Species Using the DCFH-DA Assay by Flow Cytometry {#sec4dot7-molecules-21-01071}
----------------------------------------------------------------------------------------

SH-SY5Y cells were seeded into 6-well culture plates (4.0 × 10^3^ cells/cm^2^) and cultured for 24 h. The media was removed after these groups were treated. Cells were rinsed once with 0.1 M PBS and passaged using 0.25% trypsinization for 2 min. Cells were collected in centrifuge tubes and centrifuged at 1500 r/min for 5 min, and the supernatants were discarded. DCFH-DA (200 μL) was added to each tube for 20 min at 37 °C in the absence of light. A keratinocyte serum-free medium (500 μL) was added to rinse the cells, and cells were centrifuged at 1000 r/min for 5 min. The supernatants were discarded, and 200 μL keratinocyte serum-free medium was added for testing.

4.8. Determination of Intracellular SOD Activity {#sec4dot8-molecules-21-01071}
------------------------------------------------

SH-SY5Y cells were seeded in 6-well culture plates (4.0 × 10^3^ cells/cm^2^) and cultured for 24 h. The media were removed after these groups were treated. Cells were rinsed once with 0.1 M PBS and passaged using 0.25% trypsinization for 2 min. Cells were collected in centrifuge tubes and centrifuged at 1500 r/min for 5 min, and supernatants were discarded. PBS (0.1 M) was added to the supernatant of each tube. All of the samples were placed in an ice-water bath, and cells were lysed using ultrasound (300 W ultrasonic power, once every 5 s, 4 times). A portion of the samples was retained to detect protein concentrations by BCA assay. The remaining portion of the samples was processed according to the SOD kit instructions.

4.9. Detection of 8-Hydroxydeoxyguanosine by ELISA {#sec4dot9-molecules-21-01071}
--------------------------------------------------

SH-SY5Y cells were seeded into 6-well culture plates (4.0 × 10^3^ cells/cm^2^). The media were removed after the groups were treated. Cells were centrifuged at 3000 r/min for 15 min, and the supernatants were removed. Each reagent was prepared 30 min before the experiments at room temperature, and the wash buffer was also mixed. We set an empty control well and standard wells that contained 50 μL biological reference preparations. Two biological reference wells were set, and each well contained 50 μL of test sample. The enzyme substrate complex (50 μL) was added to each well, except the control well and blended at 37 °C for 1 h. Plates were washed 3 times and patted to dry. TMB Substrate A (50 μL) and TMB Substrate B (50 μL) were blended in each well at 37 °C for 15 min in the absence of light. Stop buffer (50 μL) was added to each well to stop the reaction, and the absorption was measured at 450 nm using the Bio-Rad 400 microplate reader.

4.10. Detection of Related Proteins Using Western Blotting {#sec4dot10-molecules-21-01071}
----------------------------------------------------------

The expression levels of Bax, Bcl-2, caspase-3, p-akt and akt proteins were determined using western blotting. SH-SY5Y cells were plated in 6-well plates at a density of 9.5 × 10^6^ cells per well and treated as described above. Cells were incubated with MDHB and TBHP, and the medium was removed. SH-SY5Y cells were lysed in cell lysis buffer at 4 °C for 40 min, and the lysate was centrifuged at 10,000 r/min for 5 min at 4 °C. Equal amounts of protein were separated on 12% SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% (*v*/*w*) skimmed milk powder in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room temperature. Membranes were washed three times with TBST and incubated with different primary antibodies (anti-Bcl-2, anti-Bax, anti-caspase-3, anti-akt, anti-p-akt and anti-β-actin) overnight at 4 °C. Membranes were washed three times with TBST the following day and incubated with a second antibody (anti-rabbit IgG) at room temperature for 1 h. Membranes were washed three times with TBST, and protein immuno-complexes were visualized using BeyoECL Plus. Blots were scanned and quantified with Quantity One software (4.62, Bio-Rad, Hercules, CA, USA).

4.11. Statistical Analyses {#sec4dot11-molecules-21-01071}
--------------------------

All data are expressed as the mean ± S.E.M. Statistical significance was assessed by using a *t* test or ANOVA followed by Boferonni's test, using the Prism software (GraphPad, San Diego, CA, USA). A value of *p* \< 0.05 was considered as significantly different from the control.

This study was supported by grants from the National Natural Science Foundation Committee of China (grant Nos. 81473296, 81173037 and 81202519), the National Program on Key Basic Research Project (973 Program), No. 2011CB707500 and the Guangdong Provincial Department of Science and Technology (grant Nos. 2012B050300018 and 2010B030700018).

**Sample Availability:** Samples are available from the authors.

Liang Cai participated to design the experiments and was a chief experimenter. Zheng Zhang, Hai-Ju Geng, Song-Hui Hu and Jia-Hui Wang and Wei Zhang also performed the experiments; Li-Fang Wang and Jun-Ping Pan and Wu-Tian Wu analyzed the data. Qin Gao purchased laboratory reagents and materials, and participated to analyze the data. Li-Fang Wang, Jun-Ping Pan and Xiang-Nan Mi wrote the paper. Huan-Min Luo was the chief designer and the instructor of the experiment, and analyzed the experimental data.

No conflicting relationship exists for any author.

The following abbreviations are used in this manuscript: MDHBMethyl 3,4-dihydroxybenzoateTBHPt-ButylhydroperoxideNAC*N*-Acetyl-[l]{.smallcaps}-cysteineROSReactive oxygen speciesLDHLactic dehydrogenaseSODSuperoxide dismutaseGSH-PxGlutathione peroxidase8-OhdG8-Hydroxy-2-deoxyguanosineDPPHα,α-Diphenyl-β-picrylhydrazylNrf2Nuclear factor E2-related factor 2

###### 

The effect of different concentration of MDHB on TBHP-treated SH-SY5Y cells by MTT assay and LDH assay. (**A**) The safety margin of MDHB. Cell viability was measured by MTT assay. SH-SY5Y cells were cultured with MDHB at 2\~128 μM and 0.1% DMOS for 24 h. Data were normalized by control group. Values represent means ± S.E.M (*n* = 4); \* *p* \< 0.05 versus the TBHP-treated alone group (*n* = 4); (**B**) The cells were pretreated with 2, 4, or 8 μM of MDHB for 4 h, followed by treatment with 40 μM TBHP for 24 h. Cell viability was measured using the MTT assay. Data are normalized to the control group. Values represent means ± S.E.M. ^\#\#^ *p \<* 0.01 versus the control group. \*\* *p \<* 0.01 versus the TBHP-treated alone group (*n* = 4); (**C**) Cells were pretreated with 2, 4, or 8 μM of MDHB for 4 h, followed by treatment with 40 μM TBHP for 24 h. LDH release was measured. Data are normalized to the control group. Values represent means ± S.E.M. ^\#\#^ *p \<* 0.01 versus the control group. \*\* *p \<* 0.01 versus the TBHP-treated alone group (*n* = 4).
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###### 

Effect of MDHB on TBHP-induced apoptosis in SH-SY5Y cells. (**A**) Control group; (**B**) 40 μM THBP group; (**C**) 2 μM MDHB + TBHP group; (**D**) 4 μM MDHB + TBHP group; (**E**) 8 μM MDHB + TBHP group; and (**F**) 100 μM NAC + TBHP group; The statistical result of annexin V/PI staining (**G**) showed that MDHB (2, 4, 8μM) can reduce RGC-5 cell apoptosis compared to H~2~O~2~-treated cells. Data are expressed as the mean ± S.E.M. ^\#\#^ *p \<* 0.01 versus the control group. \*\* *p \<* 0.01 versus the TBHP-treated alone group (*n* = 3).
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![The scavenging rate of MDHB on DPPH free radical. Data are expressed as the mean ± S.E.M.](molecules-21-01071-g003){#molecules-21-01071-f003}

![Effect of MDHB on TBHP-induced ROS accumulation in SH-SY5Y cells. SH-SY5Y cells were treated with MDHB (2, 4, or 8 μM) for 4 h before exposure to 40 μM TBHP for another 24 h. Intracellular ROS levels were measured via incubation with DCFH-DA fluorescent dye and analyzed using flow cytometry. (**A**) Control group; (**B**) 40 μM THBP group; (**C**) 2 μM MDHB + TBHP group; (**D**) 4 μM MDHB + TBHP group; and (**E**) 8 μM MDHB + TBHP group; The statistical result of DCFH-DA staining (**F**) showed that MDHB (2, 4, 8 μM) can reduce remarkably TBHP-induced ROS accumulation in SH-SY5Y cells. Values represent the mean ± S.E.M, ^\#\#^ *p \<* 0.01 versus the control group. \* *p \<* 0.05 versus the TBHP group. \*\* *p \<* 0.01 versus the TBHP group (*n* = 3).](molecules-21-01071-g004){#molecules-21-01071-f004}

###### 

(**A**) Effect of MDHB on intracellular SOD activity in SH-SY5Y cells. SH-SY5Y cells were treated with MDHB (2, 4, or 8 μM) for 4 h before exposure to 40 μM TBHP for another 24 h. Intracellular SOD activity was estimated using WST-1 assay. Data are expressed as the mean ± S.E.M. ^\#\#^ *p \<* 0.01 versus the control group. \* *p \<* 0.05 versus the TBHP group (*n* = 4); (**B**) Effect of MDHB on intracellular GSH-Px activity in SH-SY5Y cells. Intracellular GSH-Px activity was estimated using a colorimetric assay. The data are expressed as the mean ± S.E.M. ^\#\#^ *p \<* 0.01 versus the control group, \*\* *p \<* 0.01 versus the TBHP group (*n* = 3); (**C**) Effect of MDHB on 8-OHdG levels in the cultured media of SH-SY5Y cells. SH-SY5Y cells were treated with MDHB (2, 4, or 8 μM) for 4 h before exposure to 40 μM TBHP for another 24 h. 8-OHdG levels in the cultured media of SH-SY5Y cells were detected using ELISA. The data are expressed as the mean ± S.EM. ^\#\#^ *p \<* 0.01 versus control group. \*\* *p \<* 0.01 versus TBHP group (*n* = 3).
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![Effect of MDHB on Bcl2/Bax, cleaved caspase-3/pro-caspase-3, p-Akt/Akt expression in SH-SY5Y cells. Protein expression was estimated using Western blot. (**A**) Effect of MDHB on Bcl2/Bax expression in SH-SY5Y cells. The data are expressed as the mean ± S.EM. ^\#^ *p \<* 0.05 versus the control group. \*\* *p \<* 0.01 versus the TBHP group (*n* = 3); (**B**) Effect of MDHB on the expression of cleaved caspase-3/pro-caspase-3 in SH-SY5Y cells. The data are expressed as the mean ± S.EM. ^\#\#^ *p \<* 0.01 versus the control group. \*\* *p* *\<* 0.01 versus the TBHP group (*n* = 3); (**C**) Effect of MDHB on p-Akt/Akt expression in SH-SY5Y cells. The data are expressed as the mean ± S.EM. ^\#\#^ *p \<* 0.01 versus control group, \* *p \<* 0.05 versus TBHP group (*n* = 3).](molecules-21-01071-g006){#molecules-21-01071-f006}
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